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ABSTRACT 

Two e l e c t r o n  dens i ty  p r o f i l e s  have been 
ob ta ined  for t h e  quie t  day mid - l a t i t ude  D r eg ion  
by means of ground t o  rocke t  r a d i o  propagat ion  
experiments .  These p r o f i l e s  a r e  i n t e r p r e t e d  
between 85 and 70 km i n  t e r m s  of s o l a r  Lyman 
a lpha  i o n i z a t i o n  of n i t r i c  ox ide .  The r o l e  of 
2 t o  10 angstrom X- rays  is shown t o  be un- 
important  t o  t h e  formation of t h e  D r eg ion  f o r  
t h e  q u i e t  s o l a r  cond i t ions  p r e s e n t  du r ing  t h e  

t w o  rocket flights, The e l e c t r o n  c o l l i s i o n  
frequency i n  t h e  D r eg ion  is shown t o  be s u b j e c t  
t o  s i g n i f i c a n t  v a r i a t i o n s  which are c o r r e l a t e d  
t o  p r e s s u r e  v a r i a t i o n s  of t h e  s t r a t o s p h e r e .  P 

*Norwegian Defense Research Es tab l i shment ,  
Kjel ler ,  Norway 
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INTRODUCTION 

A theory of t h e  format ion  of t h e  D r eg ion  was proposed 
by Nicolet and Aikin i n  1960. The sources  of D r eg ion  ion- 
i z a t i o n s  under  c o n d i t i o n s  of a q u i e t  sun were exp la ined  by 
s o l a r  Lyman a lpha  i o n i z i n g  n i t r i c  ox ide  i n  t h e  a l t i t u d e  r eg ion  
between 85 and 70 km, while  i o n i z a t i o n  below 70 km was a t t r i b -  
u t ed  t o  cosmic r a y s .  In  t h e  p re sen t  pape r ,  t h e  r e s u l t s  of t w o  
rocke t  experiments a r e  presented  t o g e t h e r  wi th  an i n t e r p r e t a -  
t i o n  of t h e s e  r e s u l t s  which is c o n s i s t e n t  w i th  t h a t  t h e o r y .  

Measurements of t h e  atmospheric  a t t e n u a t i o n  of Lyman a l p h a  
f l u x  as  a f u n c t i o n  of a l t i t u d e  are used t o  determine t h e  e l e c t r o n  
c o l l i s i o n  frequency p r o f i l e  f o r  each f l i g h t .  I t  is shown t h a t  
t h e  c o l l i s i o n  frequency is s u b j e c t  t o  s i g n i f i c a n t  v a r i a t i o n s  
which are c o r r e l a t e d  wi th  meteoro logica l  processes  o c c u r r i n g  a t  
t h e  30 k m  l e v e l  of t h e  s t r a t o s p h e r e .  With a knowledge of t h e  
c o l l i s i o n  frequency,  e l e c t r o n  d e n s i t y  p r o f i l e s  a r e  deduced from 
t h e  r e s u l t s  of r a d i o  propagat ion experiments .  Based on s a t e l l i t e  
d a t a  t h e  c o n t r i b u t i o n  of 2 t o  8 angstrom s o l a r  X-rays t o  t h e  
i o n i z a t i o n  of t h e  D r eg ion  is estimated. F i n a l l y  a d i s c u s s i o n  
of t h e  d i f f e r e n t  n i t r i c  oxide d a t a  a v a i l a b l e  s i n c e  1960 is g iven  
i n  t e r m s  of t h e  e f f e c t  on t h e  D r eg ion  recombinat ion c o e f f i c i e n t .  

The experimental  method is based U P Q ~  t h e  Nike-Apache sound- 
i n g  r o c k e t .  The results from t w o  such rocke t  f l i g h t s  a t  Wallops 
I s l a n d ,  V i rg in i a ,  l a t i t u d e  3 8 O ,  a r e  r e p o r t e d  h e r e .  
l a b e l e d  14.107, was f i r e d  a t  1430 hours  EST on March 8 ,  1963, 
and t h e  second, 14.108, was f i r e d  a t  1530 hours  EST on A p r i l  9 ,  
1963. The solar  z e n i t h  a n g l e s  were 53  and 55O r e s p e c t i v e l y .  

LYMAN ALPEA FLLX 

On bs th  f l i g h t s  Lyman a lpha  f l u x  w a s  measured by means of 

The f i r s t ,  

0 

a l i t h i u m  f l u o r i d e  window i o n i z a t i o n  chamber f i l l e d  wi th  carbon 
d i s u l f i d e  gas .  For &OD, t h e  Lyman a lpha  f l u x  i n c i d e n t  upon t h e  
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+ -1 e a r t h ’ s  atmosphere,  a va lue  of (3 - 1)  x 10l1 photons cm’2 sec 
was ob ta ined .  T h i s  va lue  is c o n s i s t e n t  w i t h  t h e  r e s u l t s  of 
Friedman e t  a l . ,  (1963) who have shown t h a t  t h e  Lyman a lpha  f l u x  
is  not  s t r o n g l y  dependent upon s o l a r  a c t i v i t y .  

PRESSURE AND ELECTRON COLLISION FREQUENCY DETERMINATION 

The Lyman a lpha  f l u x  Q(z) t h a t  p e n e t r a t e s  t h e  atmosphere 
t o  an a l t i t u d e  z is given by 

where, assuming O2 t o  be t h e  dominant sou rce  of a b s o r p t i o n ,  a is 
t h e  a b s o r p t i o n  cross s e c t i o n  of an  O2 molecule and N(z) is t h e  O2 
number d e n s i t y .  
z is de f ined  a s  

S ince  t h e  p a r t i a l  p r e s s u r e  of O2 a t  a n  a l t i t u d e  

e q u a t i o n  (1) can be r e w r i t t e n  as 
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where M is  t h e  mass of an O2 molecule and g is t h e  g r a v i t a t i o n -  
a l  a c c e l e r a t i o n .  A measurement of t h e  r a t i o  & ( = ) / Q ( Z )  y i e l d s  

therefore t h e  p a r t i a l  p re s su re  of O2 from which ,  assuming a 
c o n s t a n t  r a t i o  between oxygen and n i t r o g e n  p a r t i a l  p r e s s u r e s ,  
t h e  t o t a l  pressure  is de r ived .  

The der ived p r e s s u r e s  can be used t o  o b t a i n  t h e  c o l l i s i o n  
frequency of e l e c t r o n s  w i t h  n e u t r a l  molecules  Phelps  (1960) 
from labora tory  measurements has  shown t h a t  v ,  t h e  e l e c t r o n  
c o l l i s i o n  frequency i n  a i r  f o r  monoenergetic e l e c t r o n s ,  is 
p ropor t iona l  t o  t h e  e l e c t r o n  energy.  From t h i s  and t h e  g a s  l a w  
it follows -chat f o r  monoenergetic e l e c t r o n s  of energy kT, t h e  
c o l l i s i o n  frequency is p ropor t iona l  to t h e  atmospheric  p r e s s u r e .  
The r e l a t i m s h i p  is 

7 
= 9 x 10 p (mmHg) sec-l [V’AIR 

The r e s u l t s  of t h e  p re s su re  de t e rmina t ions  on f l i g h t s  
14.107 and 14.108 are shown on Figure  1. The r e s o l u t i o n  i n  t h e  
p r e s s u r e  measurements, i n d i c a t e d  by t h e  h o r i z o n t a l  b a r s ,  is 
determined by t h e  p r e c i s i o n  t o  which the  Lyman a lpha  i o n  chamber 
a s p e c t  angle i s  known. Included i n  t h i s  f i g u r e  is t h e  p r e s s u r e  
p r o f i l e  determined by Smith e t  a l . ,  (1964) who performed a 
rocket-borne grenade experiment a t  Wallops I s l a n d  f i v e  hours  
a f t e r  f l i g h t  14.107. I t  is be l i eved  t h a t  t h e  i n d i c a t e d  p r e s s u r e  
d i f f e r e n c e s  i n  these three measurements are rea l  and i n d i c a t e  
t h e  presence of meteoro logica l  effects i n  t h e  mesosphere. 
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METEOROLOGY 

From Equation (4) of t h e  previous s e c t i o n  i t  can be expect-  
ed t h a t  t h e  D reg ion  c o l l i s i o n  frequency p r o f i l e  w i l l  be s u b j e c t  
t o  t h e  d i u r n a l ,  s easona l  and l a t i t u d i n a l  v a r i a t i o n  of mesospheric 
p r e s s u r e  t h a t  t h e  work of Stroud and Nordberg (1961) and o t h e r s  
has  r evea led .  

In F igure  2 is  shown f o r  Wallops I s l a n d  a p l o t  of t h e  

a l t i t u d e  of t h e  10 m i l l i b a r  pressure  l e v e l  f o r  a three year 

pe r iod .  In  a d d i t i o n  t o  t h e  very apparent  s e a s o n a l  v a r i a t i o n  
comparable sho r t  t e r m  v a r i a t i o n s  a r e  p r e s e n t ,  p a r t i c u l a r l y  du r ing  
w i n t e r .  The Meteorologische Abhandlunge V o l .  XL, 1963, from which 
these data a r e  taken  shows t h a t  a sudden warming event  occur red  
i n  t h e  s t r a t o s p h e r e  over  Canada on A p r i l  4.  By A p r i l  9 t h e  effects  
of t h i s  event  could be n o t i c e d  a t  Wallops I s l a n d  where t h e  a l t i t u d e  
of t h e  10 m i l l i b a r  l e v e l  increased  from 30.80 km on March 8 t o  
31.16 k m  on A p r i l  9 w h i l e  t h e  temperature of t h i s  l e v e l  i nc reased  
from -47OC t o  -36OC. These s t r a t o s p h e r i c  changes lend  suppor t  t o  
o u r  A p r i l  9 c o l l i s i o n  frequency p r o f i l e  s i n c e  t he  mesosphere is 
l i n k e d  t o  t h e  s t r a t o s p h e r e  through t h e  p r e s s u r e  r e l a t i o n  

where t h e  scale h e i g h t  H(z) is p ropor t iona l  t o  t h e  temperature  
T ( z ) .  Although no measurements of T ( z )  e x i s t  f o r  14.108 a 
r easonab le  model can be cons t ruc ted  which l e a d s  t o  mesospheric 
p r e s s u r e s  of t h e  r equ i r ed  magnitude. 

Convincing evidence f o r  t h e  e x i s t e n c e  of an  ionosphere- 
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s t r a t o s p h e r e  i n t e r a c t i o n  has  been given by BOSSQ~OSCO and Elena 
(1963) who have shown t h a t  a s t r o n g  c o r r e l a t i o n  e x i s t s  between 
t h e  temperature a t  t h e  10 m i l l i b a r  l e v e l  and mid - l a t i t ude  w i n t e r  
radio wave abso rp t ion  a t  f r equenc ie s  around 2 Mc/s. T h e i r  

r e s u l t s  show a temperature  i n c r e a s e  of 20° a t  t h e  10 m i l l i b a r  
l e v e l  c o r r e l a t e d  w i t h  a f a c t o r  2 increase i n  a b s o r p t i o n .  Our 
r e s u l t s  w o u l d  seem t o  i n d i c a t e  t h a t  t h i s  e f fec t ,  t h e  so  c a l l e d  
w i n t e r  absorp t ion  anomaly, is due simply t o  an  i n c r e a s e  i n  
mesospheric p r e s s u r e .  However, s i n c e  r a d i o  wave abso rp t ion  invo lves  
t h e  e l e c t r o n  d e n s i t y  a s  w e l l  a s  c o l l i s i o n  f requency ,  and s i n c e  
both  t h e  e l e c t r o n  product ion and l o s s  mechanisms a r e  p r e s s u r e  
dependent,  such a conclus ion  must be wi thhe ld  u n t i l  q u a n t i t a t i v e  
c a l c u l a t i o n s  have been made. 

ELECTRON DENSITY PROFILES 

The e l e c t r o n  d e n s i t y  p r o f i l e s  r e p o r t e d  here w e r e  ob ta ined  by 

means of r ad io  propagat ion  techniques  employing ground t o  rocke t  
t r ansmiss ions .  I n  f l i g h t  14.107 l i n e a r l y  p o l a r i z e d  s i g n a l s  were 
t r a n s m i t t e d  from the  ground a t  f r e q u e n c i e s  of 3.0 and 4 .9  MI@/s.  

The mechanical s p i n  of t h e  rocket of about 3 cycles p e r  second 
was used t o  ro ta te  t h e  rocket-borne r e c e i v i n g  an tennas  through 
t h e  p o l a r i z a t i o n  p a t t e r n s  of t h e  a r r i v i n g  waves. The t e l eme te red  
s i g n a l  s t r e n g t h s  e x h i b i t e d  a f a d i n g  p a t t e r n ,  t h e  f requency of 
which was t h e  sum of t h e  rocke t  s p i n  frequency and t h e  ionosphe r i c  
Faraday r o t a t i o n  frequency.  A comparison of t h e  pe r iod  of t h i s  

f a d i n g  p a t t e r n  w i t h  t h e  mechanical s p i n  p e r i o d ,  independent ly  
measured b y  means of a s o l a r  a s p e c t  sensor, y ie lded  t h e  Faraday 
r o t a t i o n  of t h e  p lane  of p o l a r i z a t i o n .  

Under t h e  c o n d i t i o n  of quas i - long i tud ina l  propagat ion ,  t h e  
plane of l i n e a r  p o l a r i z a t i o n ,  de f ined  by t h e  ang le  J I ,  r o t a t e s  
w i t h  rocket a l t i t u d e  z according t o  an expres s ion  of t h e  f o r m  
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where Ne(z) is t h e  electron dens i ty  and F is a f u n c t i o n  of t h e  

e x p l o r i n g  frequency w ,  t h e  gyrofrequency w and t h e  c o l l i s i o n  
frequency v .  The e x p l i c i t  form of F invo lves  t h e  Dingle  i n t e g r a l s  
of t h e  g e n e r a l i z e d  Appleton-Hartree formula (Sen and Wyle r ,  1960) .  
Before F(z)  can be eva lua ted  i t  is necessary  t o  have a c o l l i s i o n  
frequency model, t h e  determinat ion of which was desc r ibed  i n  
s e c t i o n  2 .  The  Faraday r o t a t i o n  experiment by i t s e l f  a l lows  t h e  
c o l l i s i o n  frequency t o  be determined a t  a s i n g l e  a l t i t u d e .  T h i s  

fo l lows  from t h e  f a c t  t h a t  t h e  func t ion  F(w, w H ,  v ( z )  ) changes 
s i g n  a t  a unique va lue  of v/w. By n o t i n g  t h e  a l t i t u d e  a t  which 
t h e  r e v e r s a l  i n  t h e  sense  of the Faraday r o t a t i o n  occurred  on 
f l i g h t  14.107 a va lue  of v = 13.8 x 10 sec was deduced f o r  an  
a l t i t u d e  of 61  - 2 km. A s  s e e n  i n  F igure  1 t h i s  va lue  is c o n s i s t e n t  
wi th  t h e  March 8 p res su re  p r o f i l e  ob ta ined  from t h e  grenade expe r i -  
ment of Smith e t  a l . ,  (1964).  

H 

6 -1 

+ 

The e l e c t r o n  d e n s i t y  r e s u l t s  of t h e  14.107 Faraday r o t a t i o n  

experiment a t  3 .0  Mc/s a r e  shown i n  F igure  3 .  Each po in t  is t h e  
average e l e c t r o n  d e n s i t y  i n  a n  a l t i t u d e  i n t e r v a l  of approximately 
one k i l o m e t e r .  The h o r i z o n t a l  bar  i n d i c a t e s  t h e  probable  un- 
c e r t a i n t y  i n  t h e  de te rmina t ion  of t h i s  average v a l u e .  T h i s  

u n c e r t a i n t y  is due t o  random echoes from above t h e  D r eg ion  d i s t o r t -  
i n g  t h e  Faraday p a t t e r n .  T h i s  e f f e c t  was more s e v e r e  on t h e  4 . 9  
Mc/s Faraday experiment which y i e l d e d  e l e c t r o n  d e n s i t i e s  i n  agree- 
ment w i th  t h o s e  shown i n  F igure  3 ,  bu t  w i t h  u n c e r t a i n t i e s  two t o  
t h r e e  t i m e s  a s  l a r g e .  
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I n  f l i g h t  14.108 l i n e a r l y  p o l a r i z e d  s i g n a l s  were t r a n s m i t t e d  
a t  f r equenc ie s  of 1.8 and 4 .9  Mc/s. A 3.0 Mc/s s i g n a l  w a s  a l s o  
t r a n s m i t t e d  from ground t o  rocket on f l i g h t  14.108, bu t  i n  t h i s  

case t h e  t r ansmi t t ed  p a t t e r n  was a l t e r n a t e l y  switched between 
o p p o s i t e  c i r c u l a r l y  p o l a r i z e d  modes, which i n  t h e  ionosphere were 
d i f f e r e n t i a l l y  absorbed. Denoting the r ece ived  s i g n a l  s t r e n g t h  
of the  two p o l a r i z a t i o n  modes a s  Eo and EX,  t h e  a l t i t u d e  v a r i a t i o n  
of t h e  logar i thmic  r a t i o  ln(Eo/EX) can be expressed  a s  

where again Ne(z) is t h e  e l e c t r o n  d e n s i t y  and G(z) is an  a l t i t u d e  
dependent func t ion  invo lv ing  t h e  Dingle  i n t e g r a l s  and r e q u i r i n g  a 
c o l l i s i o n  frequency model f o r  e x p l i c i t  e v a l u a t i o n .  

In  a d d i t i o n  t o  a direct comparison of c i r c u l a r l y  p o l a r i z e d  
Eo and EX s i g n a l  s t r e n g t h s ,  it is p o s s i b l e  t o  o b t a i n  d i f f e r e n t i a l  
abso rp t ion  d a t a  a l s o  f r o m  t h e  Faraday p a t t e r n  of a l i n e a r l y  
. p o l a r i z e d  s i g n a l .  T h i s  fo l lows  from t h e  f a c t  t h a t ,  t h e  maximums 
i n  t h e  Faraday p a t t e r n  r e p r e s e n t  t h e  sum, w h i l e  t h e  n u l l s  r e p r e s e n t  
t h e  d i f f e r e n c e  of t h e  EOand EX s i g n a l  s t r e n g t h s .  
was t h e  b a s i s  of t h e  1.8 Mc/s experiment .  

T h i s  technique  

The resul ts  of t h e  t h r e e  propagat ion  experiments  on f l i g h t  
14.108 are shown i n  F igure  4.  The e l e c t r o n  d e n s i t i e s  deduced 
from t h e  4 . 9  and 1.8 Mc/s propagat ion  experiments  are r e l a t i v e l y  
i n s e n s i t i v e  t o  t h e  choice of c o l l i s i o n  frequency p r o f i l e .  Th i s  
is not  t r u e  however f o r  t h e  3.0 Mc/s d i f f e r e n t i a l  a b s o r p t i o n  
experiment .  In F igure  4 are shown t w o  e l e c t r o n  d e n s i t y  p r o f i l e s  
deduced from t h e  3.0 Mc/s d i f f e r e n t i a l  a b s o r p t i o n  measurement, 
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t h e  open circle p o i n t s  w e r e  eompzlted u s i c g  t h e  F igure  1 p r e s s u r e  
v a l u e s  of Smitn,  w h i l e  t h e  values  shown a s  c r o s s e s  w e r e  computed 
us ing  a 50 percent  h ighe r  pressure p r o f i l e .  I t  is seen  t h a t  
cons i s t ency  between t h e  r e s u l t s  of t h e  14.108 Faraday experiment 
on 4 . 9  &/a and $he 14.108 d i f f e r e n t i a l  a b s o r p t i o n  experiment on 
3.0 Mc/s r e q u i r e s  e s l l i s i o n  f r e q u w e y  va lues  which between 75 
and 80 km a r e  approximately 50 pe rcen t  h i g h e r  than those 
observed one month p rev ioxs ly .  T h i s  requirement is s a t i s f i e d  by 
t h e  Lyman a lpha  d a t a  shown i n  Figure 1, For comparison w i t h  t h e  

14.107 e l e c t r o n  d e n s i t i e s  t h e  results from 14.108 a r e  p l o t t e d  a s  
t h e  dashed l i n e  I n  the previous F igure  3 ,  The s i m i l a r i t y  of t h e  

two p ro f i l e s  is appa ren t ,  p a r t i c u l a r l y  w i t h  r e s p e c t  t c b  %be 
minimum a t  t h e  mesopause (83 km). P o s s i b l e  causes  of t h e  minimum 
a t  t h e  mesopause ine lude  a temperature dependent n i t r i c  ox ide  
d i s t r i b u t i o n ,  and t b e  attachment of e l e c t r o n s  to d u s t ,  This 
l a t t e r  hypo thes i s  has  some support  from t h e  work of W i t t  e t  a l . ,  
(1962) who r epor t ed  t h e  d e t e c t i o n  of d u s t  i n  t h e  v i c i n i t y  of t h e  

mesopause, and t h e  work of Froeco a r d  SmulBin (1963) who r epor t ed  
s c a t t e r i n g  of a l a s e r  beam i n  t h i s  a l t i t u d e  r eg ion .  

Tn order t o  i n t e r p r e t  t h e  e l e c t r o n  d e n s i t y  p r o f i l e s  p re sen ted  
h e r e  i t  is necessary  t o  have a knowledge of t h e  ion p a i r  product ion  
f u n c t i o n  for each of t h e  ion iz ing  r a d i a t i o n s  a f f e c t i n g  t h e  D r e g i o n .  
T h i s  is the s u b j e c t  of t h e  fol lowing sections. 

The c o n t r i b u t i o n  of cosmic r a y s  t o  t h e  i o n i z a t i o n  e o n t e n t  
of t h e  normal D reg ion  h a s  been Considered by Nicolet and Aikin 
(1960). They showed an ion  produc2tion r a t e  which was important  
below 70 h and which involved a v a r i a t i o n  of a f a c t o r  10 between 
t h e  geomagnetic l a t i t u d e s  of 0' and 70°. 
l a t i t u d e  of 50°, based on t h e  work of Webber (1962) a s l i g h t l y  
r e v i s e d  i o n i z a t i o n  r a t e  of 180 2 30 i s l a  pairs /sec/atmosphere can 
be assumed for the a l t i t u d e  region between 60 and 85 km for t h e  

For a geomagnetic 
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1963 portio:? of the s o l a r  cycle,  Combining t h i s  va lue  wi th  a 
model atmosphere y i e l d s  Lhe a l t i t u d e  depek9depee sf t h e  cosmic 
ray  i o n i z a t i o n  ra tes  sho-wn as the P o w e r  portion of t h e  cu rves  
l a b e l l e d  qo a:id q i n  F igure  5 .  

2 142 

X-RAY %ON IZAT ION 

The aajrsr  a tmospheric  c c n s t i t u e n t s  of t h e  D r eg ion  can be 

The i on ized  by solar X-rays i n  the 2 to 8g waveleng-kh r e g i o n .  
importance of t h i s  process w i h k  depeiTd, :iowsver upon t h e  degree 
of s o l a r  a c t i v i t y .  Ins t rumenta t ion  f a i l u r e  prevented a d i r e c t  
measurement of 2-88 X-rays durP3g our f l i g h t s .  
necessary  t o  r e l y  cn estimates of the flux. The b a s i s  of these 
estimates are  the 2800 flux a8  measured a t  Ottawa, t h e  McMath- 
Hu'lbert calciwn plage data ,  and t t e  Zurich p r o v i s i o n a l  sunspot  
number. White (1964) has  eDmpared direct measurements of X-ray 
f l u x  from the 053-1 s a t e e l l i t s  wi th  t hese  i n d i c e s  and de r ived  an 
empirical- r e l a t i c n  for estimating t?ke X-ray i n t e n s i t y  From 
these d a t a  ~ l i i t e  estimates tl-mt t h e  2 to $2 flux w a s  t h e  same t o  
wi th in  58 persent duri-?g boti: QUI" rccket  f l i g h t s  and had an 
i n t e g r a l  value of 1.9~10 ergs/cm see, 

Thus it is 

-4  2 

F r m  Ariel E s a t ~ i k i t e ,  Pomds  e t  a l , ,  (1961) have ob ta ined  
s o l a r  spectra b e h a e a  6 ard 1I.g. The crosses i n  F igure  6 show 
a t y p i c a l l  n m - f  Pare spec?rxm i n  iy5iclz t h e  i n t e g r a t e d  i n t e n s i t y  
below 88 was i.3xPO ergs/cm / s e e .  A c x r d i n g  So White (1963) 
both  t h e  Ariel F acd CsSQ-2 nor?-flare d a t a  can be f i t t e d  t o  a 
'frequency spaetrum of the  f o r m  J f v ) d \ ~  
2 . 8 ~ 1 0 ~  OK. 

-4 2 

e -hv/"~v w i t h  'P' equa l  t o  
This is shown as She s o l i d  curve  of F igu re  6 .  

Using the i o n i z a t i o n  cross secti3ns g iven  by N i c o l e t  and 
Aikin (196G) t o g e t h e r  w i t h  a model atmosphere de r ived  from t h e  

Smith pressure  p r o f i l e  and t he  s p e c t r a l  d i s t r i b u t i s n  of Figure  6 
(normalized t o  a r  i n t e g r a l  va lue  of 1. g x ~ ~ - ~ e r g s / c r n  / s e e )  , t h e  
i o 3  p a i r  production f u n c t i o n  due to X-rays cap be c a l c u l a t e d  a s  a 

2 
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f u n c t i o n  of a l t i t u d e ,  The r e s u l t s  are shown a s  the  upper p o r t i o n  
of the cu rves  labelled qo and q i n  F igu re  5. Before t h e  r e l a t i v e  

2 N2 
importance of i o n  pa i r  production by X-rays can be e v a l u a t e d ,  i t  
is necessary  t o  have some knowledge of t h e  c o n c e n t r a t i o n  of n i t r i c  
ox ide ,  which is t h e  t r a c e  c o n s t i t u e n t  i on ized  by  t h e  Lyman a lpha  
f l u x .  

N I T R I C  OXIDE 

For s u f f i c i e n t l y  l a r g e  concen t r a t ions  of atomic n i t r o g e n  
e s t i m a t e s  of t h e  n i t r i c  oxide d i s t r i b u t i o n  can  be based upon t h e  

p rocesses  

N + 0 2 - N O + 0  

and 

N + NO - N2 t 0 
which have ra te  c o e f f i c i e n t s  bl and b2 r e s p e c t i v e l y .  
of NO i n  the  D r eg ion  is then  determined by 

The d e n s i t y  

Nicolet and Aikin (1960) adopted 5x10 -lo a s  t h e  r a t i o  bl/b2. 

ion-pa i r  p roduct ion  f u n c t i o n  r e s u l t i n g  from such a d i s t r i b u t i o n  is 
shown as  curve  1 of F igu re  5. 
Clyne and Thrush (1961) y ie lded  a va lue  of 9 ~ 1 0 - ~ .  

product ion  f u n c t i o n  for t h i s  n i t r i c  ox ide  d i s t r i b u t i o n  is labe led  

The 

A l abo ra to ry  measurement of bl/b2 by 

The ion -pa i r  
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curve 2 i n  F igure  5 .  Barth (1964) h a s  made a d i r e c t  measurement 
of t h e  n i t r i c  ox ide  concent ra t ion  i n  t h e  upper atmosphere and 

7 -3 has  ob ta ined  a '  va lue  of 6 . 2 ~ 1 0  c m  between 75 and 85 km. If 

t h i s  d e n s i t y  is used i n  Equation (10) f o r  an  a l t i t u d e  of 80 km, 

t hen  a b /b 
product ion  f u n c t i o n  is shown as  curve  3 i n  F igu re  5. Table I 

summarizes t h e  n i t r i c  oxide informa4ion f o r  an  a l t i t u d e  of 80 k m ,  

Also t a b u l a t e d  f o r  t h i s  a l t i t u d e  a r e  three d e r i v e d  v a l u e s  of t h e  

recombination c o e f f i c i e n t  a .  This parameter  is the t o p i c  of t h e  
fo l lowing  s e c t i o n .  

r a t i o  of 9 ~ 1 0 - ~  is ob ta ined .  The r e s u l t i n g  1 2  

TABLE I 

Curve # bl'b2 n(N0 ( ~ m ' ~ )  3 a(cm /sec) 

1 5x 10.- 

2 

4 4x10 

6x105 

RECOMB I N A T  ION COEFF IC IEXT 

The e l e c t r o n  d e n s i t i e s  of F igure  3 are r e l a t e d  t o  t h e  i o n  
product ion  f u n c t i o n s  of F igure  5 by t h e  equa t ion  

t h  where a is t h e  e f f e c t i v e  recombination c o e f f i c i e n t  of t h e  i 

s p e c i e s  of p o s i t i v e  ion., 
and N2 recombine d i s s o c i a t i v e l y  w i t h  a rate c o e f f i c i e n t  of 

i 
B i o n d i  (1964) has  i n d i c a t e d  t h a t  0; 

+ 

2 ~ 1 0 - ~ c r n ~ s e c - ~ ,  while  NO+ h a s  a recombinat ion c o e f f i c i e n t  of less 



- 13 - 

I *. 

-7 3 -1 t h a n  5x10 c m  sec , The values  of recombination c o e f f i c i e n t  

de r ived  from curves  1 and 2 of Figure 5 and given i n  Table  I a r e  
c o n s i s t e n t  w i t h  d i s s o c i a t i v e  recombination of NO’ a s  t h e  e l e c t r o n  
l o s s  process  of t h e  D reg ion .  Curve 3 r e q u i r e s  t h e  i n t r o d u c t i o n  
of l o s s  p rocesses  not  previously cons ide red  i n  D r eg ion  theo ry  
s i n c e  10-6cm3sec’1 is t h e  upper l i m i t  a ss igned  t o  d i s s o c i a t i v e  
recombination by both  labora tory  measurements and t h e o r e t i c a l  
de t e rmina t ions .  

By us ing  i n  Equation (11) t h e  recombinat ion c o e f f i c i e n t s  
given by Biondi t o g e t h e r  w i t h  t h e  i on  product ion  f u n c t i o n s  shown 
i n  F igu re  5 ,  it is seen  t h a t  the i o n i z a t i o n  due t o  X-rays can 
dominate t h e  q u i e t  D reg ion  only above 83 k m  and even then  on ly  
f o r  t h e  case  of a n i t r i c  ox ide  d i s t r i b u t i o n  corresponding t o  
curve  1 of F igu re  5.  

CONCLUSION 

E l e c t r o n  d e n s i t y  and c o l l i s i o n  frequency p r o f i l e s  have 
been ob ta ined  f o r  t h e  q u i e t  day mid - l a t i t ude  D r eg ion .  The 
e l e c t r o n  c o l l i s i o n  frequency is s u b j e c t  t o  s i g n i f i c a n t  v a r i a t i o n s  
of a me teo ro log ica l  n a t u r e .  The e lec t ron  d e n s i t y  p r o f i l e s  a g r e e  
wi th  t h e  t h e o r y  t h a t  f o r  a reasonably q u i e t  sun so l a r  X-rays are  un- 
impor t an t ,  and Lyman a lpha  i o n i z a t i o n  of n i t r i c  ox ide  is t h e  major 
c o n t r i b u t o r  t o  t h e  i o n i z a t i o n  content  of the  D r eg ion .  Although 

e x i s t i n g  theo ry  can e x p l a i n  these measured p r o f i l e s ,  t h e  r e c e n t  
n i t r i c  ox ide  measurements of Barth (1964) would, i f  accep ted ,  
r e q u i r e  a r e e v a l u a t i o n  of t h e  e lec t ron- ion  l o s s  p rocesses .  
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F IGURE CAPTIONS 

1. 

2 .  

3. 

4. 

5. 

6 .  

Atmospheric p r e s s u r e  v e r s u s  a l t i t u d e  a t  Wallops I s l a n d  measured 
a t  14: 30 hours  (14.107) and 19:OO hours  (Smith e t  a l .  ,) , March 8 ,  . 
1963, and a t  15:30 hours ,  Apr i l  9 ,  1963 (14.108) .  

Seasonal v a r i a t i o n  of t h e  a l t i t u d e  of t h e  10 m i l l i b a r  p r e s s u r e  
l e v e l  a t  Wallops I s l a n d .  

Elec t ron  d e n s i t y  v e r s u s  a l t i t u d e  f o r  March 8 ,  1963 (14.107) .  
Dashed curve is a composite of t h e  r e s u l t s  shown i n  F igure  4.  

E lec t ron  d e n s i t y  ve r sus  a l t i t u d e  f o r  A p r i l  9 ,  1963 (14.108) 
showing t h e  effect of t h e  choice of c o l l i s i o n  frequency model 
used t o  i n t e r p r e t  r a d i o  a b s o r p t i o n  d a t a .  

Calcu la ted  i o n i z a t i o n  product ion  f u n c t i o n  v e r s u s  a l t i t u d e .  
Curves l abe led  1, 2 and 3 show t h e  e f f e c t  of Lyman a lpha  f l u x  
on t h r e e  d i f f e r e n t  n i t r i c  ox ide  d i s t r i b u t i o n s .  

Q u i e t  sun spectrum i n  t h e  2 t o  10 angstrom wavelength i n t e r v a l .  
S o l i d  curve is t h e  s p e c t r a l  d i s t r i b u t i o n  J (v )dv  = A e  9 

w i t h  T equal  t o  2 . 8  x lo6  OK. 
-hV/kTdV 
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